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Abstract:  The inﬂ  uence of non-metallic inclusions on quality and performance of steel depends on not only the 
quantity of inclusions, but also the type, shape, size, distribution, and deformation behavior. In this paper, ANSYS 
ﬁ  nite element analysis software is used to simulate the stress ﬁ  eld of inclusions appearing in heavy rudder arm 
steel castings, the effects of inclusion type, shape, distribution, and various loading conditions were studied. The 
micromechanics of inclusions in such castings were also analyzed. Such research provides further clariﬁ  cation on 
reaction mechanism of inclusions under complex loading conditions.
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udder arm is the key part of a ship for pooling and 
positioning, it is subject to a large load when the ship is 
berthing. Rudder arm is also constantly attacked by sea water, 
thus it has a direct impact on the quality and launch of the 
whole ship. Rudder arms are generally made of low carbon 
cast steel, ZG20Mn. The chemical composition (by wt.%) is: 
C 0.18-0.23, Mn 0.89-0.92, Si 0.40-0.60, S≤0.01, P≤0.025, 
Cr≤0.20, Ni≤0.50, Mo≤0.20, Cu≤0.30. This composition 
locates in the peritectic region of Fe-C phase diagram, where 
micro-inclusions can be easily formed during solidification. 
Though small amount it could be, the non-metallic inclusions 
are detrimental to the mechanical properties of the steel 
[1].
Researchs show that material failures always initiate 
from the interface between inclusion and matrix. This is 
mainly due to the differences in physical properties (elastic 
ratio, Poisson’s ratio, coefficient of thermal expansion) and 
mechanical properties (elastic behavior, plastic nature). Upon 
loading, stress concentration appearing at the interfaces 
between inclusion and matrix causes the cracks to initiate and 
grow, thus the study of stress and strain ﬁ  eld distribution in 
inclusion and matrix (and the vicinity) is critical to understand 
material’s fracture 
[2-3].
Eshelby J proposed, in 1957, that the stress was originated 
from inclusions, and applied equivalent inclusion means method 
in simulating such inclusion problems 
[4-5]. However, a complete 
analytical solution to this problem is still not available. With the 
development of computer technologies, ﬁ  nite element analysis 
has been widely applied to stress ﬁ  eld simulation.
Using ANSYS, a finite element analysis model of 
inclusions in large rudder arm steel casting was established. 
The influences of inclusion type, shape and distribution on 
the stress ﬁ  eld distribution around matrix were investigated. 
Numerical simulation provides valuable information about 
micro-mechanics behavior of inclusions, especially under a 
complex loading condition.
1 Inclusion source and classiﬁ  cation
1.1 Inclusion sources
Non-metallic inclusions in the steel originate in two ways. 
Inclusions can be introduced during smelting process, 
remaining deoxidant additives in molten steel before tapping 
and secondary oxide produced when molten steel contacts with 
air in pouring. Such inclusions (also called inner-inclusions) 
are small in size and uniformly distribute. Inclusions can also 
be introduced externally into molten steel during operating 
period, this kind of inclusion usually has complex shapes 
with much bigger size and the distribution is non-uniform. 
The externally introduced inclusions destroy the continuity 
of metallic matrix 
[6-7], thus they are extremely detrimental to 
mechanical properties of the steel.
1.2 The classiﬁ  cation of inclusions
The inclusions are the compounds consisting of non-metallic 
elements, such as O, S, P, N, C etc. Based on the chemical 
compositions, the inclusions can be classified into four 
categories: oxides (such as Al2O3, SiO2, FeO etc.); sulfides 
(such as FeS, MnS etc.); silicates (such as Fe2SiO4, Mn2SiO4, 
FeO•Al2O3•SiO2 etc.) and nitride inclusions (such as AlN, CHINA FOUNDRY
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Si3N4 etc.). Sulﬁ  des are the main cause of cracks in cast steel. 
Further, sulﬁ  des usually react with environmental chemicals 
leading to extensive crack growth in the steel castings. 
According to the Sims’ and Dable’s classiﬁ  cation method, the 
sulﬁ  des can be classiﬁ  ed into three types. Type I sulﬁ  de comes 
from incomplete deoxidating reactions, in the form of Si, Al, 
Zr or Ti oxide having spherical morphologies. Those sulﬁ  des 
have minor negative impact on the property of steel. Type II 
sulﬁ  des are ﬁ  ne particles distributing at the grain boundaries 
in the form of continuous or discontinuous chain. These 
sulﬁ  des are also called grain-boundary sulﬁ  des, and they are 
most deleterious to mechanical properties of the steel. Type 
III sulfides are relatively large having various morphology, 
and their distribution is also irregular. The inﬂ  uence of type 
III sulﬁ  des on the mechanical properties of steel is in between 
type I and type II sulﬁ  des 
[8-9]. 
2 Appearance of inclusions in heavy 
rudder arm steel casting sample
The steel was melt in an electric arc furnace, then LF ladle 
reﬁ  ning was performed by blowing argon from bottom of ladle 
to mold cavity before pouring. The ingot was then normalized 
at 900℃, and followed by tempering at 600℃. Radiused test 
bar was cut and machined into standard impact sample with 
a V notch. After impact test, the specimen was ultrasonic 
cleaned with acetone. Fractograph of the tested impact 
specimen was acquired by a JSM-5610LV scanning electron 
microscope (SEM). Figure 1 shows the appearances of the 
ﬁ  sh-bone inclusions on the fracture surface.
Fig.1: Morphologies of ﬁ  sh-bone inclusions
3 Finite element simulation of the 
sample containing inclusions under 
unidirectional tension condition 
The 2-D plane finite element unit type is used to simulate 
the stress ﬁ  led. Fish-bone structure is simpliﬁ  ed to have the 
morphologies of round, square, isosceles trapezoid, rhombus 
and pentagon. The size of matrix is 100 µm × 100 µm, and the 
inclusion has an equivalent diameter of 20 µm. To exempt the 
effect of volume fraction on stress, the inclusion volume was 
made equal, i.e. the volume of the round, square, isosceles 
trapezoid, rhombus and pentagon is quite close to each other. 
Matrix material is ZG20Mn, whose elastic modulus E1=2×10
5 
MPa, Poisson ratio m1 =0.26, yield stress vs=310 MPa. 
Inclusions falls into two types, with E2=1×10
5 MPa, m2=0.2 
and E3=3×10
5 MPa, m3=0.3, respectively. Under unidirectional 
tensile condition, the tension F = -155 × (1+n%) kN, where n 
is 0, 5, 10, 15, 20, respectively. Negative sign indicates tension 
and the direction is vertical.
3.1 Effect of round inclusions on the stress 
distribution
Figure 2 shows the stress distribution in the sample which 
containing inclusions of same size but different type. It can be 
seen from Fig. 2 that the maximum stress is in the matrix when 
the E2 is smaller than E1 (E2/E1=0.5), otherwise the maximum 
stress is inside the inclusion when the E3 is greater than E1 (E3/
E1=1.5), Table 1 summarizes the results of maximum stress in 
the sample which includes impurities of different size. Figure 2 
and Table 1 show that the inclusion size has little effect on the 
stress distribution and maximum stress. The 20 µm inclusion 
will be used in the following analysis.
(a) E2 /E1=0.5                      (b) E3 /E1=1.5 
Fig.2: Stress distribution of samples containing round 
inclusions (30 μm in diameter) under different 
elastic modulus ratio
Table 1: Maximum stress in the sample containing round 
inclusions of different size
Diameter of inclusion 
(μm)
Maximum stress (MPa)
E3 /E1=1.5 E2 /E1=0.5
5 209 266
10 209 274
15 208 278
20 208 281
25 207 283
30 207 286
35 207 289
3.2 Effect of inclusions with different shape 
and elastic modulus on the stress 
distribution
The stress distribution in the sample is simulated under a 
unidirectional tensile force F = -186 kN, the effect of the 
inclusion morphology on the stress distribution is shown 
in Fig.3. Figure 4 shows the line profile of stress evolution Research & Development
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along the horizontal direction. The effect of shape and elastic 
modulus of inclusions on the maximum stress of the sample 
is summarized in Fig.5. Following observations can be made 
from Figs.3-5. 
(1) For inclusions with shapes mentioned above, the 
maximum stress mainly occurs at the interface between the 
inclusions and the matrix. When E3 is greater than E1 (E3/
E1=1.5), the maximum stress occurs inside the inclusions, as 
shown in Figs. 3 (b), (d), (f), (h) and (j); when E2 is smaller 
than E1 (E2/E1=0.5), the maximum stress occurs in the 
matrix, as shown in Figs. 3(a), (c), (e), (g) and (i). Similar 
phenomenon, with regard to the effect of the elastic modulus 
ratio on the samples’ stress distribution, was observed for 
other type of inclusions.
(2) It can be seen from Fig.4 that the stress near the interface 
between inclusion and matrix increases sharply along the 
horizontal direction, which results in a tremendous stress 
gradient, i.e. stress centralization. The stress increment 
tendency varies with inclusion type and relative modulus 
between inclusion and matrix. When E2/E1=0.5, the stress 
increases gradually from a certain value to a maximum point, 
and then decreases sharply to the minimum point, the stress 
(a) Round inclusion, E2 /E1=0.5     (b) Round inclusion, E3 /E1=1.5 
(c) Square inclusion, E2 /E1=0.5    (d) Square inclusion, E3 /E1=1.5 
(e) Isosceles trapezoid inclusion, E2 /E1=0.5 
(f) Isosceles trapezoid inclusion, E3 /E1=1.5
(g) Rhombus inclusion, E2 /E1=0.5   (h) Rhombus inclusion, E3 /E1=1.5
(i) Pentagon inclusion, E2 /E1=0.5    (j) Pentagon inclusion, E3 /E1=1.5
Fig.3: Stress distributions of inclusions with different shape and elastic modulus
(a) (b) (c)
(d)
(g)
(j)
(e)
(h)
(f)
(i)CHINA FOUNDRY
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(a) Round inclusion, E2 /E1=0.5     (b) Round inclusion, E3 /E1=1.5 
(c) Square inclusion, E2 /E1=0.5     (d) Square inclusion, E3 /E1=1.5 
(e) Isosceles trapezoid inclusion, E2 /E1=0.5 
(f) Isosceles trapezoid inclusion, E3 /E1=1.5
(g) Rhombus inclusion, E2 /E1=0.5   (h) Rhombus inclusion, E3 /E1=1.5 
(i) Pentagon inclusion, E2 /E1=0.5    (j) Pentagon inclusion, E3 /E1=1.5
Fig.4: Equivalent stress curves of inclusions with different shape and elastic 
modulus
has little or no change in a certain region of the path. When 
E3 /E1=1.5 the stress decreases gradually from a certain value 
to the minimum point, then increase sharply to the maximum 
at the interface of inclusion and matrix. Figure 4(b) shows that 
the stress has a ﬁ  xed value in the round shape inclusion, while 
there is a little change in the other shape inclusions, as shown 
in Fig. 4(d), (f), (h), (j). 
(3) Stress concentration caused by inclusion of different 
shape increases with the elastic modulus difference between 
the inclusion and the matrix.
(4) For all investigated inclusions, when E3 is greater than 
E1 (E3 /E1=1.5) the stress in the round inclusion distributes 
uniformly and the maximum stress is relatively small; the 
stress in rhombus inclusion is less uniform, while the stress 
distribution in the pentagon inclusion is very inhomogeneous 
and the maximum stress is larger than other inclusions. In fact, 
the stress concentration degree in the pentagon inclusion has 
the minimum value when E2 is smaller than E1 (E2 /E1=0.5), 
while the round inclusion in the sample has the maximum 
value under the same loading condition.Research & Development
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Fig.5: Effect of inclusions' shape and elastic modulus 
on maximum stress of sample
(5) In round inclusion, the stress concentration for E3/E1=1.5 
is smaller than that for E2/E1=0.5, but larger than that for E2/
E1=0.5 in square, trapezium, rhombus and pentagon (E3/
E1=1.5) inclusions.
(6) Stress increases approximately linearly with the increase 
in pressure increment. Figures 6(b), (c), (d) show that when 
E3/E1=1.5, 2 and 2.5, the highest stress appears in the pentagon 
inclusion under the same load, less stress occurs in the 
trapezium inclusion, and the round inclusion has the minimum 
stress. Similarly, the maximum stress of matrix occurs in the 
pentagon inclusion-contained matrix (as shown in Fig. 6(a)); 
less stress in matrix in the case of round inclusion, and the 
rhombus inclusion has the minimum stress.
(a) E2 /E1=0.5
(c) E3 /E1=2
Fig.6: Effect of force's increment on maximum stress of different shapes of inclusions
 (b) E3 /E1=1.5
 (d) E3 /E1=2.5
3.3 Effect of position and spacing of different 
inclusions on stress distribution
Figures 7-9 show the space of round and square inclusions 
has signiﬁ  cant effect on the stress distribution and the maximum 
stress. Especially when E3/E1=1.5, the maximum stress occurs 
inside the square inclusion. Figure 9 shows that the maximum 
stress in both above cases decreases rapidly as the space 
between the round and square inclusion increases. Further, as 
the space increases to greater than twice the sphere diameter, it 
has little effect on the maximum stress. Such observation is also 
true for two other cases (i.e. E2/E1=0.5, orientation of inclusions 
is parallel to the loading force and E3 /E1=1.5, orientation of 
inclusions is vertical to the loading force). 
4 Modiﬁ  cation treatment
Rare earth (RE) lanthanide was added to the steel by 1 kg/t during 
ladle refining. Figures 10(a) and (b) show the microstructure 
of rudder arm material without and with RE addition after heat CHINA FOUNDRY
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              (a) E2 /E1=0.5                             (b) E3 /E1=1.5
Fig.7: Stress distribution in the sample (distance /diameter=0.5, 
orientation of round and square inclusions is vertical to 
the loading force)
                (a) E2 /E1=0.5                           (b) E3 /E1=1.5
Fig.8: Stress distribution in the sample (distance /diameter=0.5, 
orientation of round and square inclusions is parallel to 
loading force)
(a) Without rare earth
Fig.9: Effect of two inclusion's distance on maximum 
stress in the sample
treatment, respectively. It is obvious that the addition of RE 
reﬁ  ned the grain structure and reduced the dendritic segregation. 
The addition of RE can also alter the morphology of inclusions, 
as indicated in Fig. 11. It can be seen that the original long 
strip shaped inclusion evolves into spherical shape with RE 
addition (Figs. 11 (a) and (b)). Energy dispersive X-ray spectra 
in Fig. 11(c), (d) shows that RE can improve the morphology of 
inclusions from long strip to spherical in the RE-modiﬁ  ed steel 
and increases the quality and mechanical properties of the steel, 
such as plasticity and toughness.
Optimization of microstructure and corresponding materials 
processing technology can be utilized fully in accordance with 
the theoretical guidelines. The practical control of inclusion 
morphology and the distribution of inclusions make numerical 
simulation of stress ﬁ  eld critical for engineering novel materials.
5 Conclusions
(1) The stress increases sharply near the inclusion area, 
while decreases dramatically in the area far away from 
inclusion. Stress concentration caused by different shape 
inclusions is produced in the adjacent area of inclusions and 
increases with the difference in elastic modulus of inclusions 
and matrix. It reaches maximum at the interface of inclusions 
and matrix when elastic modulus of inclusion is different with 
that of matrix. When E3>E1 the maximum stress occurs at the 
edge of the inclusion, when E2<E1 the maximum stress occurs 
in the matrix.
(2) Size of round inclusion has little effect on stress 
distribution and maximum stress when the inclusion is small 
relative to matrix. Distance of round and square inclusions 
have significant effect on stress distribution and maximum 
stress regardless of the orientation of the inclusion and loading 
force.
(3) The morphology of inclusions has great effect on the stress 
concentration and the maximum positive stress. In the case that 
E3 is greater than E1 (E3/E1=1.5), the stress distributes uniformly 
in the round inclusions and the maximum stress is relatively 
small; the stress has less uniform distribution in rhombus 
inclusions; while the distribution of stress in pentagon is non-
 (b) With rare earth 
Fig.10: SEM images showing the effect of RE on structure 
of steelResearch & Development
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uniform and the maximum stress has the biggest value. If E2 is 
smaller than E1 (E2/E1=0.5), the minimum stress concentration 
is in the matrix of sample containing pentagon inclusion and the 
maximum stress is in the matrix containing round inclusion.
(4) Stress increases with loading. When E3/E1=1.5, 2 and 2.5, 
respectively, the pentagon inclusions have the maximum stress 
under the same loading condition, less stress is found in the 
trapezium inclusion, and the round inclusion has the minimum 
stress. In the case of stress distribution of matrix, the maximum 
stress of matrix occurs in the pentagon inclusion-contained 
sample, less stress is found in the round inclusion, and the 
rhombus inclusion has the minimum stress in the matrix.
(5) Inclusion morphology in the steel can be modified 
from long strip to spherical by adding RE elements. Such 
morphological change coupled with the grain structure 
refinement would significantly improve the mechanical 
properties of the steel.
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Fig.11: RE effect on inclusion
(a) Strip MnS inclusions (without rare earth)
(c) Energy spectrum analysis (without rare earth)
(b) Strip MnS inclusions (with rare earth)
(d) Energy spectrum analysis (with rare earth)